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PREFACE
The experimental work described in this thesis was carried out in Hermanus Magnetic
Observatory (HMO), Hermanus, from February 2009 to August 2011 under the supervision
of Dr L. McKinnell.
These studies represent original work by the author and have not otherwise been submitted
in any form for any degree or diploma to any tertiary institution. Where use has been
made of the work of others it is duly acknowledged in the text.
iii
Abstract
This thesis will present an investigation into the variability of the maximum height of
the ionospheric F2 layer, hmF2, with hour, season and latitude over the South African
region. The dependence of hmF2 on solar and magnetic activity is also investigated.
Data from three South African stations, namely Madimbo (22.4◦S, 26.5◦E), Grahamstown
(33.3◦S, 26.5◦E) and Louisvale (28.5◦S, 21.2◦E) were used in this study. Initial results
indicate that hmF2 shows a larger variability around midnight than during daytime for
all the seasons. Monthly median values for hmF2 were used in all cases to illustrate
the variability, and the International Reference Ionosphere (IRI) model has been used to
investigate hmF2 predictability over South Africa. This research represents the initial
steps towards a predictive model for the hmF2 parameter, with the long term aim of
developing a new global hmF2 predictive model for the IRI. It is believed that this work
will contribute significantly towards this aim through the understanding of the hmF2
parameter over a region that has not previously been investigated.
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Chapter 1
Introduction
1.1 Introduction to the Project
The aim of this project is to investigate the variability of the ionospheric F2 peak height
(hmF2) over South Africa, and to compare hmF2 measurements from South African io-
nosondes with predicted values from the International Reference Ionosphere (IRI) model.
The parameter hmF2 gives the height of the peak of ionospheric maximum electron concen-
tration (Sethi et al., 2008). The purpose of this project is fully discussed in section 1.4.
By extending our knowledge to lesser known areas of the ionosphere, use of the ionosphere
can be greatly enhanced, and significant allowance can be made for the effects of ionos-
pheric behaviour on signals passing through these altitudes. This thesis aims to provide
additional knowledge and understanding of the hmF2 parameter. It is hoped that under-
standing and expanding our knowledge of hmF2 variability will complement other services
provided by the Hermanus Space Weather warning centre.
1.2 General Overview of hmF2
1.2.1 The Importance of Predicting hmF2
Knowledge of hmF2 variability is required in the prediction of High Frequency (HF) radio
propagation. The hmF2 parameter indicates the height at which HF radio frequencies
will be reflected back to the Earth. HF radio communicators use hmF2 values to iden-
tify the height from which their signals will be reflected and to predict the range of their
transmissions (Davies, 1990). HF communicators find important applications in develo-
ping countries which have not yet built up expensive infrastructures for other methods of
communication. HF propagation, which involves the transmission and reception of radio
signals within a frequency range of 3-30 MHz, has long been of interest and was used back
in the earliest days of wireless communication to provide worldwide communication. It
1
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is still relevant to many organisations such as international broadcast stations and radio
amateurs.
1.2.2 High Frequency Communications
Radio signals can travel over vast distances. The way in which radio signals propagate is
of prime importance to anyone associated with radio communication. Signal propagation
through the ionosphere in the HF bands (3-30 MHz) enables stations to have worldwide
coverage using relatively little power and relatively low-cost equipment. There are three
types of HF propagation namely Ground wave, Direct or line-of-sight wave and Sky wave,
as shown in figure 1.1.
Figure 1.1: Types of HF Propagation.
 Skywave propagation: This happens when HF radio signals are reflected by the
ionosphere to the receiver. The most commonly used long-distance HF radio com-
munication is a result of skywave propagation. Sometimes transmitted waves propa-
gate through the E, F1 and F2 layers at certain frequencies because the ionospheric
layers are different and reflect varying frequency ranges. All these layers have critical
frequencies (foE, foF1 and foF2) below which the transmitted frequencies are reflec-
ted by the E, F1 and F2 layers respectively. Above foF2, the transmitted signals
propagate through the ionosphere and end up in outer space. There are two im-
portant frequencies for communication, called Maximum Usable Frequency (MUF)
and Lowest Usable Frequency (LUF). The MUF is the highest frequency that can be
reflected below the maximum electron density within a given layer in the ionosphere.
If the frequency is higher than the MUF, the signal will pass through the ionosphere
and if it is lower than the LUF, the signal will be absorbed in the D region.
 Ground wave propagation: This is direct propagation from the transmitter to the
receiver. It is particularly important on the Low Frequency (LF) and Maximum
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Frequency (MF) of the radio spectrum. Most long-distance (LF “longwave”) radio
communication between 30 kHz and 300 kHz is a result of ground wave propagation.
 Direct wave propagation: This happens when the antennas are in line of sight, so
that there is a direct wave as well as a reflected signal. A direct signal is the one
that travels directly between the two antennas.
1.3 High Frequency Radio Propagation Through the Ionos-
phere
Radio waves that have a frequency range between 3 MHz and 30MHz are called High
Frequency radio waves. The bottomside of the ionosphere is the region of the upper
atmosphere lying between about 80 and 350 km. It contains sufficient density of charged
particles to cause refraction and reflection of these waves as they attempt to pass through it
(McNamara, 1991). The division of the bottomside ionosphere into layers and the physical
processes that give rise to these layers are described in detail in chapter 2.
1.3.1 The Ionosphere as an HF Radio Reflector
The ionosphere acts as a mirror that reflects the HF radio waves transmitted from the
Earth. It enables radio waves to reach several other places on Earth where the signals
would not have reached without it. Consider, for instance, an HF radio signal transmitted
from point A as shown in figure 1.2 below.
Figure 1.2: A diagram showing that an HF radio signal transmitted from one point on Earth cannot
directly reach several other points on Earth.
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When radio signals travel, they interact with objects and media, and through this inter-
action these signals can be reflected in all directions. Since radio waves travel in straight
lines, they cannot reach places such as B and C as shown in figure 1.2. Figure 1.3 illus-
trates how the ionosphere can play the role of a reflector whereby these waves are reflected
allowing the signals to reach places, B and C.
Figure 1.3: A diagram showing that the ionosphere reflects HF radio signals in order for these signals
to reach other places on Earth.
The direction of such radio waves is defined by the distribution of electrons in the ionos-
phere and by the frequencies of the transmitted radio waves.
1.4 Purpose of the Study
This project is aimed at investigating the diurnal variability of the ionospheric F2 re-
gion peak height (hmF2), its dependence on season, solar and magnetic activity and the
predictability of hmF2 over South Africa, using the most commonly used global IRI model.
The values of the maximum height of the F2 layer are derived from measurements taken
with a Digital Portable Sounder (DPS) at low to middle latitude stations in South Africa.
The investigation is based on data from three South African stations, namely Madimbo
(22.4◦S, 26.5◦E), Grahamstown (33.3◦S, 26.5◦E) and Louisvale (28.5◦S, 21.2◦E).
This project will provide a comprehensive understanding of how hmF2 behaves under the
different conditions listed above and will demonstrate the ability to predict this parameter.
The ultimate aim is to develop a model that will best represent this behaviour and can
compare well with measured values, and this thesis provides the background required for
the development of such a model.
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1.4.1 Structure of the Thesis
This work comprises five chapters. Chapter 2 provides the information on the ionosphere
and gives a brief description of the IRI model. Details of ionospheric variability under
different conditions are presented in chapter 3. A comparison between hmF2 values from
the ionosonde data and IRI generated values is presented in chapter 4. Chapter 5 provides
the conclusion of the project and a brief summary of the results, as well as guidelines for
future work.
Chapter 2
Theoretical Background
2.1 Introduction
This chapter provides the theory of ionospheric formation, and briefly describes the layers
of the ionosphere. A brief description of hmF2 data as obtained from an ionosonde and
modelled by the IRI is also provided. In this chapter, the basic theoretical principles
associated with ionospheric studies are reviewed. The review begins by looking at the
formation of ionosphere, then proceeds to define the layers of the ionosphere.
2.2 Ionospheric Formation
The ionospheric region is the shell of electrons consisting of electrically charged atoms
and molecules which surround the Earth, and extends from a height of about 50 to 1000
km (McNamara, 1991). The main distinction between the ionospheric region and other
regions of the atmosphere is that the former contains more charged particles (Kohl et al.,
1996). The formation of the ionosphere depends on the activities of the Sun, because
the solar extreme ultraviolet (EUV) light and X-ray radiation from the Sun are the main
sources of plasma and energy for the ionosphere. The process by which the EUV light and
X-ray radiation from the Sun interact with neutral atoms giving rise to free electrons is
called photoionization. Because of this process, the ionosphere consists of free electrons
and ions (see Figure 2.1).
6
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Figure 2.1: A representation of the photo-ionization process due to the Sun’s EUV light. Adapted from
McNamara (1991).
The net value of the number of free ions and electrons in the ionosphere is determined by
the rate at which specific species of ions combine with electrons to form neutral atoms.
This process is known as recombination and it occurs in two stages (McNamara, 1991):
 Radiation recombination: This is the process whereby electrons combine directly
with positively charged ions, converting them into neutral atoms and emitting a
photon to conserve energy and momentum
O+ + e− −→ O + photon (2.1)
 The dissociative recombination process occurs in two stages:
In the first stage the positive ions (eg N+) which formed during the photoionization
process interact with a neutral atom forming a positively charged molecular ion:
N+ + O2−→ NO+ + O (2.2)
In the second stage the electrons combine again with a positively charged ion (NO+)
to produce two neutral atoms:
NO+ + e− −→ N + O (2.3)
Dissociative recombination is a faster mechanism than radiative recombination to loose
electrons from the ionosphere. During sunset, the recombination process ceases, which
results in a gradual drop in electron density as night progresses. Electron density is at
its greatest during the middle of the day when photoionization is high. Because different
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gas atoms and molecules are more abundant in some regions of the neutral atmosphere
than others, ionization and recombination of different species result in a different electron
density distribution within different layers of the ionosphere. These layers are called D,
E, F1 and F2 and are discussed in the next section.
2.3 Ionospheric Layers
2.3.1 D-Layer
The D-layer is the lowest layer and lies between 50 and 90 km above the surface of the
Earth. It is ionized during the day (mostly at noon) and quickly deionizes at night.
The ionization is caused by solar X-ray radiation or Lyman alpha-hydrogen from the Sun
at wavelengths of 1 to 10 A˚. This lower layer absorbs the lower frequencies (below 10
MHz) and allows the higher frequencies to pass to outer layers. The D-layer plays a less
significant role in ionospheric tomography, because it shows much lower electron density
than the F-layer and it has a negligible contribution to the total electron content (TEC)
within the ionosphere. It is only present during the day, reducing and disappearing as the
Sun sets. It may, however, sometimes remain due to the ionization effect of galactic cosmic
rays (Bonnet and Woltjer, 2008). At the lower level of this layer, the density of electrons
is very high and the recombination of ionized particles occurs rapidly. The D-layer quickly
reaches full ionization when the Sun is up and immediately loses its energy after the Sun
goes down. It is important for radio propagation because (a) it absorbs energy from waves
at Maximum Frequency (MF), High Frequency (HF) and Very High Frequency (VHF),
and (b) it reflects Low Frequency (LF) and Very Low Frequency (VLF) waves.
2.3.2 E-Layer
The E-layer lies above the D-layer and is found between about 90 and 120 km above the
surface of the Earth. It is ionized by soft X-rays of wavelengths ranging from 10 to 100
A˚. Like the D-layer, the E-layer is ionized during the day and the ionization process does
not last long. The photoionization and recombination processes occur more slowly in the
E-layer than in the D-layer. The former plays an important role in the quality of radio
communication and radio waves, in that it refracts HF waves that would penetrate the
D-layer. According to Giraud and Petit (1978), the E-layer corresponds to a moderately
dense (103 to 105 cm−3) layer of molecular ions NO+ and O2+ in the midst of thin atomic
layers called the “Sporadic E” (ES) phenomenon. The charged particles in the E-layer are
the results of ionization of molecular Oxygen (O2) generated by soft X-rays as well as EUV
radiation (1-10 nm) (Bonnet and Woltjer, 2008). Therefore the E-layer can reflect radio
waves with frequencies lower than about 10 MHz. At night this layer begins to disappear
because the primary source of ionization is no longer present.
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2.3.3 F-Layer
The F layer is divided into two layers which is F1 and F2 layer.
 F1-Layer
The F1-layer is situated below the F2 layer and lies between 150 and 200 km above the
surface of the Earth. At altitudes below and above this range, ions are lost from this layer
due to recombination and attachment processes. The ionization of atoms such as Oxygen
(O2) and Nitrogen (N2) occurs by Lyman Continuum or He emission and disappears
after sunset. During the night the F1-layer quickly loses its ionization and disappears.
Acoording to Giraud and Petit (1978), the F2 layer is where the peak of O+ ions occurs
while the transition between molecular and atomic ions takes place in the F1-layer. There
are certain conditions whereby the F1-layer is not present at all (McNamara, 1991). In
particular, this layer is never present at night. It is rarely found in winter but is likely to
appear during daytime in summer when the solar zenith angle is small and hence the peak
altitude of ionization is lower (Ondoh and Marubashi, 2001). The F1-layer is likely to
appear during solar minimum periods when the rate of ionization is low and the transition
altitude between molecular and atomic ions is higher.
 F2-Layer
The F2 layer lies between about 250 and 400 km, and is the uppermost layer of the
bottomside ionosphere. Ionization in this layer occurs due to the photoionization of atomic
oxygen by extreme EUV solar radiation from the Sun. This layer is very thick, more active
and more highly ionized, but its ionization decreases during and after sunset. Since F2
layer is the highest layer of the ionosphere, it consists of a greater concentration of free
electrons and ions. It is the most important layer for HF radio propagation because:
1. It is the only layer that survives at night and is present 24 hrs of the day.
2. It reflects the radio waves needed for high frequency communication and broadcas-
ting.
3. Its high altitude allows the longest distance and communication paths.
Further details on the ionospheric layers can be found in McNamara (1991) and Ratcliffe
(1972). The variation of the ionospheric electron density with altitude is dependent on the
different molecules that are dominant in a specific range of altitudes. Because the neutral
gas density decreases with height, there are fewer neutral atoms allowed to participate
in the ionization process at higher altitudes. The radiation intensity also increases at a
lower altitude. Since the ionization appears differently at different ionospheric levels, it
produces layers or regions which may be identified by their interaction with radio waves.
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These layers are those discussed under section 2.3 and their locations are shown in figure
2.2.
Figure 2.2: A typical electron density altitude profile showing the most important ions and the various
ionospheric layers From http://www.dcs.lancs.ac.uk/iono/ ionosphere intro/.
2.4 The hmF2 Parameter
2.4.1 Measurements
An ionosonde is a pulsed radar device that sends a sweep frequency to the ionosphere and
measures the time delay of the returning signal, which gives the virtual height of reflection
of the signal within the ionosphere (Hunsucker, 1991). The South African Ionosonde
Network currently consists of four Ionosonde Stations located at Grahamstown (Eastern
Cape, 33.3◦S, 26.5◦E), Louisvale (Northern Cape, 28.5◦S, 21.2◦E), Madimbo (Limpopo,
22.4◦S, 26.5◦E) and Hermanus (Western Cape, 34.4◦S, 19.2◦E) as shown in figure 2.3.
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Figure 2.3: Location of the 4 South African ionosonde stations.
The four ionosondes as indicated on figure 2.3 are all digisondes manufactured by the
University of Massachusetts Lowell Centre for Atmospheric Research (UMLCAR). The
digisonde operates using the pulse modulation method. The ionosonde produces an iono-
gram (see Figure 2.4) which shows a plot of frequency versus virtual height and reveals
the heights of reflecting layers and the maximum frequency associated with each layer.
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Figure 2.4: A nighttime ionogram, a graph of virtual height of reflection of the transmitted signal
against transmitted frequency. The ionospheric layer shows an approximately smooth curve (upwardly
curving sections).
The virtual height is the height of reflection of the transmitted radio waves, had the wave
continued to travel at the speed of light. At reflection, the plasma frequency is equal to
the vertically reflected radio frequency. An ionogram usually displays two traces, the O-
and X-modes (Liu et al., 2004). The critical frequency of the F2 layer (foF2) on the O-
mode trace is considered to be the penetration frequency of the ionospheric F2 layer.
The ionosonde at Grahamstown has been operational since 1996, while those located
at Madimbo and Louisvale have been operational since 2000. A Barry Research Chirp
Sounder had been operating even before the installation of the Digisonde at Grahamstown
and so there is a database of ionospheric data for this station going back to 1973.
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Figure 2.5: The Hermanus DPS-4D ionosonde which was installed in June 2008.
The Grahamstown and Hermanus ionosondes provide data at 15 minute intervals while
the Louisvale and Madimbo ionosonde data has a 30 minute latency. More informa-
tion about these ionosondes can be found at http://ulcar.uml.edu/digisonde.html and
http://spaceweather.hmo.ac.za. The ionosonde data used in this study was downloaded
from the Space Physics Interactive Data Resource (SPIDR) website (http://spidr.ngdc.no-
aa.gov). SPIDR is a distributed network of synchronous databases designed to allow solar
terrestrial physics researchers and customers to access space physics data. It was develo-
ped to be able to facilitate the archiving and exchange of reduced data by the National
Geophysical Data in Boulder (Conkright, 1999).
2.4.2 International Reference Ionosphere (IRI)
The International Reference Ionosphere (IRI) is an empirical standard model of the io-
nosphere which is based on worldwide available data from various sources like ionosondes,
incoherent scatter radars, rockets and satellites (Rawer et al., 1981; Bilitza, 1986; Rawer
and Bilitza, 1989, 1990). It is main-tained and revised by an international task group
which was established by the Committee on Space Research (COSPAR) and the Inter-
national Union of Radio Science (URSI). This working group meets annually to update,
discuss and plan future improvements to the IRI model. The aim of the IRI is to provide
reliable ionospheric densities, composition and temperatures (Bilitza et al., 1979; Bilitza,
2001).
The IRI model was first released in 1978 and since then many improvements have been
made (Rawer et al. 1978; Bilitza, 1990, 1997, 2001; Radicella et al., 1998; Bilitza et al.,
2000). Ramakrishnan and Rawer (1972) pointed out that the IRI uses an analytic formula
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to calculate the F2 layer electron density profile based on four important parameters: foF2,
hmF2, B0 and B1. The most important F2 peak parameters when producing the electron
density profile using the IRI model are foF2 and hmF2. The IRI model is divided into
two computer programs that have been used as sub-routines, namely the CCIR and URSI
models. Both models use spherical harmonics for predicting the critical frequency and are
based on worldwide ionosonde data (Bradley, 1990; Zolesi and Cander, 2000).
 The CCIR Model: This model was developed by Comite´ Consultatif Internationale
des Radiocommunications (Bilitza and Rawer, 1990), and is based on monthly me-
dian values obtained from ionosondes at all the stations worldwide.
 The URSI Model: This model was developed by Union Radio-Scientifique Interna-
tionale (Rush et al., 1984, 1989; Fox and McNamara, 1988). The main purpose of
this model is to provide electron densities for defining the background ionosphere for
radiowave propagation studies and applications (Ezquer et al., 2003).
These two sub-routines, CCIR and URSI, use all the information which is compiled by the
IRI for critical frequency, height of the F2 layer and propagation factors (foF2, M(3000)F2
and hmF2) to generate numerical maps (or numerical coefficient maps) through the ap-
plication of the Fourier and Legendre series (Bertoni et al., 2006). The latest version
of the IRI (IRI-2007), which is available on the internet (http://nssdc.gsfc.nasa.gov/
space/model/ions/iri.html), has been used for this study.
The IRI model is of interest in this project since it is currently the most commonly used mo-
del for the prediction of ionospheric parameters. Many other groups have made attempts
in the past to compare their experimental hmF2 values with the IRI model generated va-
lues (e.g Sethi et al., 2008; Ratovsky et al., 2009; Bertoni et al., 2006; Zhang et al., 2007;
Adewale et al., 2009b; Adeniyi and Radicella, 1998; Pandey and Sethi, 1996; Sethi et al.,
2004, and others). Sethi et al. (2008) compared the IRI-2001 model with the observed
hmF2 values derived from digital ionosonde measurements at the low-middle latitude sta-
tion at New Delhi (28.6◦N, 77.2◦E, dip 42.4◦N). They revealed that major discrepancies
occur when the IRI overestimates observed hmF2 values during all the seasons for local
times from about 06h00 LT till midnight hours, except during the summer period. During
other periods observed hmF2 values are close to the IRI predictions.
Similarly, Bertoni et al. (2006) compared IRI-2001 model predictions with ionospheric
data measured by digital ionosondes at two Brazilian low-latitude stations, namely Palmas
(10.2◦S, 48.2◦W) and Sa˜o Jose´ dos Campos (23.2◦S, 45.9◦W). The comparison shows a
quite reasonable agreement for both parameters (hmF2 and foF2). The authors remarked
that some improvements were still necessary to be implemented in order to obtain better
predictions.
Adewale et al. (2009a) compared the monthly means of the ionospheric F2 peak parame-
ters (foF2 and hmF2) over three South African Stations (Grahamstown, Madimbo and
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Louisvale) with the IRI-2001 model predictions, using both the CCIR and URSI options.
Their work showed that the IRI-2001 overestimates observed hmF2 for both quiet and
disturbed days and it overestimates and underestimates foF2 at different times for all
the stations. They also showed that foF2 is predicted more accurately by IRI-2001 than
hmF2, and on average, the CCIR option performed better than the URSI option when
predicting both foF2 and hmF2. While Adewale et al. (2009a) compared the ionosonde
hmF2 values and IRI-2001 predictions for quiet and disturbed periods in 2003, this work
also takes into account different solar activity periods. In addition, the analysis was done
based on monthly median values for quiet and magnetically disturbed conditions for the
entire sunspot cycle.
Other groups like Bittencourt and Chryssafidis (1994), Batista et al. (1996) and Shastri
et al. (1996) have compared their ionospheric data with the IRI-90 (Bilitza, 1990) during
different solar activity periods. Batista et al. (1996) used digisonde data that was recor-
ded from 1990 to 1993 at the Cachoeira Paulista station (22.5◦S, 45.0◦W), and Shastri
et al. (1996) compared observed foF2 data from ionosonde measurements for three low-
latitude Indian stations namely Delhi (28.6◦N, 77.2◦E), Ahmedabad (23.0◦N, 72.6◦E) and
Kodaikanal (10.2◦N, 77.5◦E), with the IRI-90. Their work showed that the IRI-90 model
predicted better at different solar activities, except for post-sunset conditions during high
solar activity when IRI-90 highly underestimated the observed hmF2. Bittencourt and
Chryssafidis (1994) also compared the IRI-90 model predictions with ionospheric values
at the Brazilian magnetic equatorial station located at Fortaleza (4.0◦S, 38.4◦W).
2.4.3 IRI Inputs and Outputs
The IRI model is available for use in two ways: either as a Web-based application at
http://omniweb.gsfc.nasa.gov/vitmo/iri vitmo.html or as the FORTRAN source code avai-
lable at ftp://nssdcftp.gsfc.nasa.gov/models/. This source code is used to allow the im-
plementation of user-defined automatic operations.
The input parameters required by the IRI model depend on the desired output, where the
electron density profile is the desired output and the required inputs are the geographical
latitude, geographical longitude, year, day number and hour.
In the IRI model, hmF2 is obtained by its close correlation with the propagation parameter
M(3000)F2 (Bradley and Dudeney, 1973; Bilitza et al., 1979). The M(3000)F2 parameter
is defined as MUF/foF2. MUF is the maximum usable frequency related from the F2-
layer of the ionosphere and is received at a distance of 3000 km. Shimazaki (1955) noticed
that there was a close anti-correlation between hmF2 and M(3000)F2, but the relationship
was based on assumption and the peak height was overestimated. Other groups (Bradley
and Dudeney, 1973; Dudeney, 1983; Bilitza et al., 1979) modified the Shimazaki (1955)
empirical formula by adding the correction for retardation by all underlying layers.
The mathematical calculation of hmF2 from propagation factor M(3000)F2 is given by,
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M(3000)F2=MUF/foF2 (2.4)
hmF2=1490/[M(3000)F2+DM]-179 (2.5)
DM is given by
DM=f1f2/(foF2/foE − f3)+f4 (2.6)
where,
f1=0.00232R12+0.222 (2.7)
f2=1-R12/150exp(-(ψ/40)
2) (2.8)
f3=1.2-0.0116exp(R12/41.84) (2.9)
f4=0.096(R12-25)/150 (2.10)
f1 , f2 , f3 and f4are the solar activity functions, R12 is the 12-month running mean of
the solar sunspot number, ψ is the magnetic dip latitude, DM is the correction factor and
foF2 and foE are the F2 and E peak plasma frequencies.
tanΨ = 12 tanψ (2.11)
The correction factor accounts for the effects of the E- layer that are related to the foF2/foE
ratio and is a function of solar sunspot number R12 and the magnetic dip latitude. The
numerical maps of M(3000)F2 values are developed by the CCIR using a Fourier series, and
routinely scaled from ionograms (Oyeyemi et al., 2007). The hmF2 values are calculated
from M(3000)F2 based on equation (2.4-2.11). The use of equation (2.4-2.11) is justified by
various works (e.g Adeniyi et al. 2003; Obrou et al., 2003; Zhang et al., 2007) that pointed
out that when the measured M(3000)F2 values are used as input, the hmF2 value is
obtained with equation (2.4-2.11). Therefore, these authors agreed with the observational
results derived manually and the edited traces of ionograms using ionogram inversion
programmes.
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2.5 Summary
Studying the height of the F2 layer is very important for ionospheric radio-wave propaga-
tion and communication. The ionosphere is not constant and since its behaviour makes
HF communication unstable, the models that predict the state of ionosphere are crucial.
The details of ionospheric variability under different conditions are presented in chapter
3.
Chapter 3
Investigation of hmF2 variability
3.1 Introduction
This chapter presents the main study on the variability of the ionospheric parameter hmF2.
As the Sun is the main source of energy for ionization, it causes the ionosphere to vary
naturally with time of day, season and geographical position (McNamara, 1991). The
hmF2 variations with respect to these factors are discussed in this chapter. The monthly
median hmF2 values from three South African Stations are used to illustrate the variability
of hmF2.
3.2 Data description and method of analysis
3.2.1 Ionosonde Data
The main data set consists of measurements made at the ionosondes located at Grahams-
town (33.3◦S, 26.5◦E), Louisvale (28.5◦S, 21.2◦E) and Madimbo (22.4◦S, 26.5◦E) in South
Africa. These observations provided the data to build a picture of the response of the
ionosphere over the South African region on account of its hmF2 variability. The data
used for this study are the monthly median values of the hmF2 parameter with an hourly
time interval resolution. These monthly medians are calculated from the daily hourly
values scaled at the ionograms recorded routinely from the three South African ionosonde
stations.
When calculating the monthly median values of the hmF2 parameter, all the days of the
month with available data were used. SAO-explorer software (SAO-X) was used to extract
hmF2 from all the recorded ionograms utilised in this study. This software, which was
developed by the University of Massachusetts Lowell Center for Atmospheric Research,
allows for a measure of quality control to be applied before obtaining the daily hourly data
from ionograms (Reinisch et al., 2004). SAO-X is available on http://ulcar.uml.edu/SAO-
X/SAO-X.html.
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For the Grahamstown station, the time period over which data was used ranges from April
1996 to December 2008. The Grahamstown ionosonde was only installed in April 1996.
The time period over which data from the Madimbo and Louisvale stations was used ranges
from August 2000 to December 2006. The Madimbo and Louisvale ionosondes became
operational in August 2000, and in some cases the data are divided into groups according to
seasons: the local winter season includes June, July and August; the local autumn season
includes March, April and May; the local summer season includes December, January
and February and the local spring season includes September, October and November.
Sometimes the data is divided into equinoxes and solstices, for example June and July
are winter solstices, December and February are summer solstices, March and April are
autumnal equinoxes and September and October are spring equinoxes. December and
February were selected to represent summer solstice since there was not enough data for
January for all the stations.
3.2.2 Magnetic and Solar indices
The Dst index data presented in this project was obtained from the National Geophysical
Data Centre. For this study the Dst index values for selected days in 2005 (January, May,
August and September), in 2000 (February, April, July and October) and 2001 (December,
March, August and November) were downloaded to cover low and high solar activity. The
year 2005 is a low solar activity (LSA) year and 2001 is a high solar activity (HSA) year.
Magnetically quiet and disturbed days for each of these months were selected.
The Dst index is the geomagnetic index which monitors the world wide magnetic storm
level. The magnetic storm variation consists of a sudden commencement, an initial (posi-
tive) phase, a main (negative) phase, and a recovery phase (Davies, 1990). The Dst index
represents magnetic activity with positive values changes to negative values. The more ne-
gative the Dst index, the more intense the magnetic storm. The negative deflections in the
Dst index are caused by the storm time ring current which flows around the Earth. Accor-
ding to the different values of the Dst index, magnetic storms can be classified according
to the following conditions (Pirog et al., 2006):
 -50 nT < Dst < -30 nT: weak storms
 -100 nT < Dst < -50 nT: moderate storms
 -200 nT < Dst < -100 nT: intense storms
 Dst < -200 nT: a super storm
The geomagnetic indices are available from ftp://ftp.ngdc.noaa.gov/STP /Geomag/dst.html.
The parameter hmF2 depends partly on the flux of ultraviolet radiation from the Sun. The
solar activity parameter that is used in this study is the 10.7 cm solar flux (F10.7) and
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the time stamp of the data used in this study was defined according to the annual mean
values of F10.7 conditions (Rishbeth et al., 2000), i.e.
 F10.7 < 80 represent low solar activity
 140 < F10.7 < 155 represent moderate solar activity
 F10.7 > 175 represent high solar activity
The above solar activity indices were obtained from www.ukssdc.ac.uk.
3.2.3 Statistical Measures Used
3.2.3.1 Median
In this work, the monthly median is used. The median is the middle value of the given
numbers or distribution in their ascending order or is the average value of the two middle
elements when the size of the distribution is even. The same formula (equation 3.1) is
used in this study to calculate the median values for odd and even numbers:
{(n+ 1) /2} (3.1)
 For an odd number of values, the middle value is used and n is the number of the
values.
 For an even number of values, the two middle terms are averaged.
3.2.3.2 Standard Deviation
The standard deviation is a statistical value used to determine how spread out the data
in a sample are, and how close individual data points are to the mean or average value
of the sample. In this study, the standard deviation (equation 3.2) is used for comparing
two sets of data (IRI model and observed hmF2), which may have the same mean but a
different range. The standard deviation is expressed in mathematical terms as:
S =
√√√√ 1
N
N∑
i=1
(xi − x)2 (3.2)
where x is the sample mean, N is the number of data points, xi represents each data value
from i=1 to i= N and
∑
is a summation.
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3.2.3.3 Root Mean Square Error
In this study, the root mean square error (RMSE) is used to evaluate the performance of the
IRI model and observed monthly median hmF2. The RMSE is expressed in mathematical
terms as:
RMSE =
√√√√ 1
N
N∑
i=1
(hmF2obs − hmF2pred)2 (3.3)
where N is the number of data points, and hmF2obs and hmF2pred are the observed and
predicted hmF2 values respectively.
3.2.3.4 Percent Deviation
The percent deviation between the IRI model predictions and the observed values of hmF2
are analysed according to this equation
σrel =
xoi − xmi
xmi
× 100 (3.4)
where xoi and x
m
i present the observed and predicted values respectively.
3.3 Diurnal variation
Figures 3.1(a-d) show the variation of the monthly median hmF2 values over a typical day
for the months representing autumn, winter, spring and summer in 2001 over Louisvale,
Madimbo and Grahamstown ionosonde stations. From about 00h00-03h00 UT (02h00-
05h00 SAST, during the early morning) and 22h00 UT (00h00 SAST, around midnight
local time), an increase in hmF2 values is noted for all the stations. This is most probably
due to the lack of radiation intensity reaching the F2 layer during the night time hours
(McNamara, 1991). During the day around 12h00 UT (14h00 SAST), the hmF2 values are
lower than at night for all the stations, because the intensity of solar radiation reaching
the F2 layer of the ionosphere during the nighttime is higher than during the daytime.
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Figure 3.1: Diurnal variation of hmF2 for Madimbo, Louisvale and Grahamstown for (a) autumn, (b)
winter, (c) spring and (d) summer for a high solar activity period (year 2001).
Figure 3.1 illustrates that the hmF2 values are lower in winter than in summer months for
high solar activity period. Also, what is clearly evident from these graphs is the pre-sunrise
dip in hmF2 values for the relevant stations and seasons.
The hmF2 values start increasing from approximately 05h00 UT, because the zenith angle
is around 90◦and photoionization starts creating a supply of free electrons (McNamara,
1991). After 16h00 UT and 18h00 UT for autumn and winter respectively and about
14h00 UT for spring and summer, the hmF2 values start to increase as night forms since
the primary source of ionization gradually begins to disappear.
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Figure 3.2: Diurnal variation of hmF2 for Madimbo, Louisvale and Grahamstown for (a) autumn, (b)
winter, (c) spring and (d) summer for a low solar activity period (year 2005).
Figure 3.2 illustrates the diurnal variation of hmF2 during a low solar activity period.
Generally, the level of the hmF2 values in figure 3.1 for high solar activity are higher than
the hmF2 values in figure 3.2 for low solar activity. This may be due to the temperature
variation which causes hmF2 to increase with the increasing solar activity (Stubbe, 1964
and Rishbeth, 1964).
In figure 3.1(a), the hmF2 values fluctuate between 18h00 and 22h00 UT until they reach
the maximum value at 320 km, whereas in figure 3.2(a) the hmF2 values increase steadily
before reaching the peak around 20h00 UT at a value of 300 km. In figure 3.1(b), the
hmF2 values gradually increase between 06h00 UT and 13h00 UT before reaching peak
values at around 12h00 UT at a height of 280 km for all the stations. In figure 3.2(b), in
contrast, the hmF2 values do not show a considerable increase.
At around 15h00 UT, figure 3.1(b) shows the decrease of hmF2 values for all the stations,
while figure 3.2(b) shows the increase of hmF2 values until reaching a peak at around
17h00 UT. According to Rishbeth and Garriott (1969), the height of an F2 peak decreases
because of the rapid production of ionization in the lower F region.
In figure 3.1(c), at around 05h00 UT, hmF2 values are at a maximum height of 240 km
for all the stations, while figure 3.2(c) shows the same trend but at a height of 210 km.
Between 06h00 UT and 14h00 UT, hmF2 values in figure 3.1(c) are steadily increasing
before reaching peak values around 12h00 UT to 15h00 UT, while the hmF2 values in
figure 3.2(c) reach peak values between 10h00 and 12h00 UT. The hmF2 response in both
figures 3.1(c) and 3.2(c) shows a marked difference between 14h00 and 00h00 UT. In figure
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3.1(c), the hmF2 values decrease between 15h00 and 20h00 UT for all the stations, while
in figure 3.2 (c) the hmF2 values increase during the same periods for all the stations.
Figures 3.1(d) and 3.2(d) show a similar diurnal trend but the hmF2 values are much
higher in figure 3.1(d) than in figure 3.2(d). According to Rishbeth (1993), the height of
the F2 peak (hmF2) depends on the temperature profile in the thermosphere which means
that, as the solar activity increases, the thermospheric temperature rises. It then causes
the thermal expansion to lift the pressure level at which hmF2 is situated. In figure 3.1(d)
all the stations show a smooth curve between 06h00 and 12h00 UT but for figure 3.2(d),
Louisvale and Grahamstown stations show a smooth curve while Madimbo shows a sharp
peak at around 09h00 UT. In both figures 3.1(d) and 3.2(d) hmF2 values increase until
reaching the maximum height around midnight between 16h00-21h00 UT. This is because
the ionosphere is high, thin and stable at night so the hmF2 values can be expected to
peak in the middle of night.
3.4 Seasonal variation
Seasonal variation is dependent on the position of the Sun as the Earth revolves around it.
This is because the relative position of the Sun moves from one hemisphere to the other
with changes in season. Since the ionosphere is divided into layers and is dependent on
the Zenith angle, the seasonal variations of the D, E and F1 layers are directly related
to the Zenith angle. This means that the ionization density of these layers is greater
during summer. However, for the F2 layer the ionization is the greatest during winter
(McNamara, 1991).
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Figure 3.3: The seasonal variation of hmF2 over Louisvale station for 2005 (low solar activity) at (a)
04h00 UT, (b) 10h00 UT, (c) 16h00 UT and (d) 22h00 UT.
The seasonal response of the ionosphere changes during the year, due to the intensity of
solar radiation reaching the ionosphere. Figures 3.3(a-d), 3.4(a-d) and 3.5(a-d) show the
seasonal variation of hmF2 values (which are represented by day of year) during selected
time sectors (04h00 UT, 10h00 UT, 16h00 UT and 22h00 UT) for the Louisvale, Madimbo
and Grahamstown locations respectively.
Figure 3.4: Similar to fig. 3.3, for Grahamstown ionosonde station.
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For all the stations, the variation at 04h00 UT in the morning sector (figures 3.3(a), 3.4(a)
and 3.5(a)) shows a seasonal pattern characterized by high values during winter. There
is not enough radiation reaching the lower parts of the ionosphere in the morning, so
hmF2 values are expected to be high. The other time sectors show a different seasonal
pattern, with the variation at 10h00 UT showing lower values during winter months than
summer months. During the day (figures 3.3(b) 3.4(b) 3.5(b)), the intensity of solar
radiation reaching the lower parts of the ionosphere is high (McNamara, 1991), causing
the variation illustrated here. At local midnight (22h00 UT), hmF2 values are high over
all the stations for all seasons. The ionosphere is high and thin at night so the hmF2
values are expected to be higher than during the day. As is seen from figures 3.3(a-d),
3.4(a-d) and 3.5(a-d), the dispersion of hmF2 values is less during sunset (16h00 UT) than
during midnight and morning sectors.
Figure 3.5: Similar to fig. 3.3, for Madimbo ionosonde station.
Louisvale and Grahamstown are mid-latitude stations whereas Madimbo is a low latitude
station.
3.5 Solar activity variation
The rotation of the Sun around its axis in 27 days causes the appearance and disappearance
of dark, irregular-shaped areas known as sunspots (Ondoh and Marubashi, 2001). These
sunspots are the result of violent eruptions on the Sun and are characterized by a strong
magnetic field (McNamara, 1991). Because of these sunspots, the ionization level of the
ionosphere varies on a daily basis. The sunspots appear in two cycles namely every 27
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days and every 11 years (Ondoh and Marubashi, 2001). The ionosphere is changing due
to a response in varying degrees of solar activity. Figure 3.6(a-c) shows the hmF2 values
for an identical period in 2001 (a year of solar maximum), 2003 (a year of moderate solar
activity), and 2005 (a year of minimum solar activity) for the three South African stations.
Figure 3.6: Plots of the monthly median ionospheric parameter hmF2 for different solar activity levels
for the three South African ionosonde stations.
The variation of the ionosphere is also affected by the amount of radiation coming from
the sun (McNamara, 1991). During high solar activity, more radiation is produced by or
emitted from the Sun. Thus the layers of the ionosphere become more ionized due to a
greater intensity of solar radiation reaching them, and hence the hmF2 values are high.
The sunspot number (SSN) is a measure of the solar activity that describes the behaviour
of the Sun as it affects the ionosphere.
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Figure 3.7: Plots illustrating hmF2 variation under different solar activity conditions for Grahamstown,
Madimbo and Louisvale stations.
It can be seen from figure 3.7, that during 2001 at all three stations, hmF2 values are high
with high solar activity; during 2003 moderate with moderate solar activity and during
2006 low with low solar activity.
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Figure 3.8: The seasonal variation of the hmF2 values for a year of solar maximum (2001) and a year
of solar minimum (2006) for different time sectors at Grahamstown station.
Figure 3.9: Similar to fig. 3.8, for Madimbo ionosonde station.
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Figure 3.10: Similar to fig. 3.8, for Louisvale ionosonde station.
Figures 3.8(a-d), 3.9(a-d) and 3.10(a-d) illustrate the comparison of data from 2001 (high
solar activity) with those from 2006 (low solar activity) at a particular time sector (04h00,
10h00, 16h00 and 22h00 UT), in order to investigate the influence of solar activity. This
comparison also illustrates the seasonal variation at the different solar activity levels during
different time sectors. Generally, values are higher for 2001 which is a high solar activity
period and lower for 2006 which is a low solar activity period. This may be because
temperature variation causes hmF2 to increase with increasing solar activity (Stubbe, 1964
and Rishbeth, 1964). Also, the F2 peak parameter (hmF2) depends on the temperature
profile in the thermosphere which means that, as solar activity increases, the thermospheric
temperature rises, causing the thermal expansion to lift the pressure level at which hmF2
is situated (Rishbeth, 1993). The monthly median hmF2 values as shown in figures 3.8,
3.9 and 3.10 increase by about 100 km from solar minimum to solar maximum.
The results from these plots also show that the seasonal pattern varies significantly at
the different time sectors and also at the different solar activity levels. For example, at
04h00 UT (figures 3.8(a) and 3.9(a)) in the morning sector, a seasonal pattern appears
characterized by higher values for autumn months than for spring months for both high
and low solar activity periods, while in figure 3.10(a) both autumn and spring months have
equally high values. The midday sectors (figures 3.8(b), 3.9(b) and 3.10(b)) show higher
values for summer than winter months and also show a maxima during the equinoxes,
which is what is expected (McNamara, 1991). These figures also show the same trend for
different seasonal patterns, while for the sunset sector (figures 3.8(c), 3.9(c) and 3.10(c))
the same behaviour as for the midday sector is observed.
The midnight sectors (figures 3.8(d), 3.9(d) and 3.10(d)) show hmF2 values are high for
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high solar activity trend (2001) for all the seasons, whereas for low solar activity trend
(2006) only equinoxes and summer are high.
Figure 3.11: Illustrates hmF2 variation over Grahamstown at 10h00 UT (12h00 SAST) for solar cycle
23.
Figure 3.11, as an example of hmF2 variation over solar cycle 23 for Grahamstown, clearly
demonstrates that hmF2 values are high during solar maximum periods (e.g. 2000 and
2001) compared to the hmF2 values for low solar activity periods. The low solar activity
years are around 1996 and 2001, and the high solar activity years are around 2001-2002.
3.6 Latitudinal Variation
Latitudinal variation is dependent on the solar zenith angle. The Sun is mostly overhead
at locations close to the equator and therefore the Sun’s intensity of radiation is higher
over such places. The overall effect is then based on ionospheric ionization; hence the
greater hmF2 values for such places (McNamara, 1991). The total amount of radiation
received at a lower latitude and over the equator is more intense when compared to that
of higher latitudes. The solar zenith angle (Z) is the angle between the overhead position
of an observer and the location of the Sun, and determines the intensity of ionization in
such a way that locations with small zenith angles are exposed to higher radiation rates.
This means that for a given locality the intensity of solar radiation increases as the Sun
rises, peaks at about local midday and decreases as the Sun sets. The hmF2 plots (see
figures 3.1 and 3.2) in this work generally reveal this trend and agree with the fact that
the Sun is the main source of ionization in the ionosphere.
In figure 3.1(a), at 00h00 UT (02h00 SAST), the hmF2 values start at 300 km, 310 km
and 320 km, while in figure 3.2 (a) hmF2 values start at 245 km, 275 km and 290 km.
These values represent Madimbo, Louisvale and Grahamstown stations respectively. The
variation is due to the higher levels of solar activity, where hmF2 values are expected to
be higher (McNamara, 1991; Oyeyemi et al., 2010). At 05h00 UT, all the stations show
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a minimum peak of hmF2 values for both figures 3.1(a) and 3.2(a). During the day at
10h00 UT in figure 3.1(a), all the stations follow the same smooth trend for hmF2 while
in figure 3.2(a) the parameter’s value fluctuates. During sunset at 17h00 UT in figure
3.1(a), Madimbo station shows a peak, while Louisvale and Grahamstown stations show
increase. In figure 3.2(a), however, Madimbo and Grahamstown stations show increase,
while Louisvale shows decrease. At midnight (22h00 UT) in figure 3.1(a), all the stations
show increase, while in figure 3.2(a) Grahamstown and Louisvale stations show hmF2 peak
and Madimbo station shows decrease.
At 17h00 UT, in figure 3.1(b) Madimbo and Louisvale stations show a minimum hmF2
peak whereas Grahamstown shows a maximum hmF2 peak. In figure 3.2(b), on the other
hand, all the stations show a maximum hmF2 peak. Figures 3.1(c) and 3.2(c) show a
similar trend to each other except for 01h00 UT, 19h00 UT and 22h00 UT. At 01h00 UT
in figure 3.1(c), Madimbo and Louisvale stations show a maximum hmF2 peak whereas
Grahamstown shows a minimum hmF2 peak; while in figure 3.2(c) Madimbo shows a
maximum hmF2 peak whereas Louisvale and Grahamstown stations show a minimum
hmF2 peak. In figure 3.1(c) Madimbo station shows an hmF2 peak at 19h00 UT, whereas
Louisvale and Grahamstown stations show decrease, while in figure 3.2(c) Madimbo and
Grahamstown stations show an hmF2 peak whereas Louisvale station shows increase. At
22h00 UT, both in figures 3.1(c) and 3.2(c) the Grahamstown and Louisvale stations show
increase while Madimbo shows a maximum hmF2 peak in figure 3.1(c) and a minimum
hmF2 peak in figure 3.2(c).
In both figures 3.1(d) and 3.2(d), all the stations show a similar diurnal trend except for
09h00 UT, where all the stations show a smooth curve except at Madimbo station, which
shows an hmF2 peak.
3.7 Magnetic Activity
Magnetic variation is caused by currents flowing above the Earth’s surface, particularly in
the E layer where the electrical conductivity is highly maximized (Davies, 1990). On quiet
days the magnetic variation varies according to local solar and lunar time. Therefore, this
type of variation is called the solar (Sq) and lunar daily (L) magnetic variation. The Sq
currents are stronger during the day than during nighttime and much stronger in summer
than in winter.
Besides the expected variations of the ionosphere that are mentioned above, there are other
unpredictable phenomena that are related to solar activity. Geomagnetic storms, which
are the result of the interaction between the solar wind and the Earth’s magnetic field,
are an example of such phenomena. A typical geomagnetic storm begins either gradually
or with abrupt change, followed by a recovery phase which can last from hours to several
days. kp, Ap and Dst (as described in section 3.2.2) are geomagnetic indices that allow
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for the monitoring of the intensity and evolution of geomagnetic storms. Figures 3.12(a),
3.13(b) and 3.14(c) provide a selected example of the ionospheric hmF2 response to the
magnetic storm activity that occured in January 2005, December 2001 and October 2000
respectively.
Figure 3.12: (a) The daily hmF2 values for disturbed periods for 2005 at three different stations.
In figure 3.12(a), the magnetic storm occurred during the period 20 to 24 January 2005.
The actual event of the storm or disturbed day occurred on 22 January and the 2 days
before and after the storm were quiet days. Between 22 and 23 January there is a depletion
in hmF2 values which shows the response of the ionosphere to the disturbed conditions.
During the periods 20 to 22 January and 23 to 24 January, the hmF2 variation is very
small illustrating the quiet conditions. The Dst index shows a dcrease to a minimum value
of -275 nT and therefore the storm is classified as a super storm.
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Figure 3.13: (b) Similar to fig.3.12 for 2001.
In figure 3.13(b), the magnetic storm as shown occurred during the period 20 to 24 De-
cember 2001. The actual event of the storm or disturbed day occurred on 22 December
and the 2 days before and after the storm were quiet days. Between 22 and 23 December
there was a depletion in hmF2 values which shows the ionospheric response to the distur-
bed conditions. During the periods 20 to 22 December and 23 to 24 December, the hmF2
variation is small illustrating the quiet conditions. The type of storm that is reflected in
figure 3.13(b) is considered to be a moderate storm.
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Figure 3.14: (c) Similar to fig. 3.12 for 2000.
In figure 3.14(c), the magnetic storm occurred during the period 3 to 7 October 2000.
The actual event of the storm occurred on 5 October and the 2 days before and after the
storm were quiet days. Between 5 and 6 October, there is a depletion in hmF2 values
which indicates the ionospheric response to the disturbed conditions. During the periods
3 to 5 October and 6 to 7 October, the hmF2 behaviour is the same, which shows quiet
conditions for all the stations. The magnetic storm that is reflected in figure 3.14(c) is
considered to be an intense storm.
During magnetic storms such as referred to above, the behaviour of the ionosphere changes
and the F2 layer becomes unstable (McNamara, 1991). This causes a decrease in the
height of the F2 layer (hmF2) where the ionospheric critical frequencies become lower
than normal. The F2 layer is the first layer affected by ionospheric storms which results
in a reducing ion density. The lower layers are less affected by the storms unless the
disturbances are great, hence the range of frequencies that can be used for communica-
tion becomes smaller than normal, and communication is possible only at lower working
frequencies (Davies, 1990).
3.8 Summary
At all the stations an increase of hmF2 values was observed for morning and evening hours.
The hmF2 values are lower during the daytime and higher at night peaking around local
midnight. The level of hmF2 values for high solar activity (HSA) is higher than for low
solar activity (LSA). In the morning sector, hmF2 values are higher in winter, while in the
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midday sector, hmF2 values are lower in winter than in summer and at midnight hmF2
values are high for all the stations.
The hmF2 values for the magnetic storm activity that occurred in January 2005, December
2001 and October 2000 show enhancement and as well as depletion. This indicates that
the behaviour of ionosphere changes and the F2 layer became unstable. The next chapter
will investigate the predictability of hmF2 by comparing predicted hmF2 values from
the International Reference Ionosphere (IRI) model with the ionosonde observed hmF2
values for South African stations under the same ionospheric conditions as discussed in
this chapter.
Chapter 4
The predictability of hmF2 over
South Africa, using IRI
4.1 Introduction
In this chapter the hmF2 values generated by the IRI model are compared to ionosonde
measurements over South Africa. The diurnal and seasonal variation as well as solar and
magnetic activity comparisons are presented. The hmF2 predictions are made using the
IRI-2007 model with URSI options (Bilitza, 2001), which are then compared with measu-
rements from three South African stations to provide an estimate of the predictability of
hmF2 over South Africa.
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4.2 Diurnal Comparison
Figure 4.1: Comparison of hmF2 variations between ionosonde measurements and IRI-2007 predicted
values for: (a) January, (b) April, (c) July and (d) October 2003 over Grahamstown station.
Figure 4.2: Similar to fig. 4.1, for Madimbo ionosonde station.
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Figure 4.3: Similar to fig. 4.1, for Louisvale ionosonde station.
Monthly median values for ionosonde and IRI generated hmF2 values were computed for
January, April, July and October 2003 over Grahamstown (GRA), Madimbo (MAD) and
Louisvale (LOU) ionosonde stations. These particular months were chosen to represent
summer, autumn, winter and spring conditions. Figures 4.1, 4.2 and 4.3 show the diurnal
comparisons of the ionosonde and IRI generated hmF2 values as indicated above.
Over Grahamstown (figure 4.1), maximum values of hmF2 for January, April, July and
October were observed during the night for both ionosonde measurements and IRI genera-
ted values. On the other hand, both the model and observed ionosonde measurements in
figure 4.1 show the lowest values during 04h00-06h00 UT. In January and October 2003,
minimum monthly median hmF2 values were observed at around 04h00 UT as opposed to
July 2003 when this minimum occurs at 06h00 UT illustrating the seasonal variation (Mc-
Namara, 1991). For all the months analysed, the IRI-2007 model overpredicts ionosonde
hmF2 values.
Figure 4.2(a-d) illustrates that in January and October 2003, both the model and observed
ionosonde measurements show the minimum monthly median hmF2 values at 04h00 UT as
opposed to April and July 2003 when the minimum values occur at 06h00 UT and 07h00
UT respectively. Figure 4.3(a-d) reflect that the minimum values in January and October
2003 for both model and observed hmF2 values occurred at 04h00 UT as opposed to
April and July 2003 when the minimum values occurred at 06h00 UT. For Grahamstown,
Madimbo and Louisvale stations the IRI-2007 model overpredicts ionosonde hmF2 values
for all the months considered. It has been established that the IRI over- or underestimates
ionospheric parameters such as foF2 and Total Electron Content (TEC) over South Africa,
due to the limited data that has been incorporated into the model over this particular
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region (McKinnell, 2003; Habarulema et al., 2007; Oyeyemi et al., 2007; Oyeyemi and
Adewale, 2009; Adewale et al., 2009b; Habarulema et al., 2009; McKinnell and Oyeyemi,
2009).
Bertoni et al. (2006) shows a similar comparison between the observed hmF2 and predicted
IRI 2001 values at a Brazilian low latitude station (Sa˜o Jose´ dos Campos, 23.20◦ S, 45.86◦
W). According to their observations, both predicted and observed hmF2 reach the lowest
values between 03h00-06h00 UT during the early morning hours in January, April and
July, while in October the lowest values occurred between 09h00-12h00 UT during the
day. They point out that the model over- or underpredicts hmF2. The observations made
by Bertoni et al. (2006) can be applied to Madimbo station in South Africa, as both Sa˜o
Jose´ dos Campos and Madimbo stations are low to mid latitude stations and are located
in the Southern Hemisphere at similar latitudes.
The comparisons between the observed and predicted hmF2 values by the IRI-2007 model
are given with their root-mean-square error (RMSE) for the selected months in 2003. The
root-mean-square error is used to evaluate the performance of the IRI model with respect
to the ionosonde measurements. The RMSE for the 2003 selected months are shown in
figure 4.4 and table 4.1.
Table 4.1: The hmF2 RMSE for various seasons at different stations for the year 2003.
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Figure 4.4: A bar graph illustration of RMSE values between measured and IRI predicted values of
hmF2.
As shown in table 4.1 and figure 4.4, the high RMSE values in January illustrate poor
IRI prediction in summer. Grahamstown station has the lowest RMSE values of all the
stations for all the months, except April, while Madimbo station has the highest RMSE
values for all the months. The low RMSE values over Grahamstown in July simply indicate
that the IRI predicts more accurately there than over Madimbo and Louisvale. The lowest
RMSE values are seen for July for all three stations, which allows for the conclusion that
the IRI provides a better prediction for winter months than in summer months.
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Figure 4.5: Plots of the percentage deviation between the IRI-2007 model results and the calculated
hmF2 values as a function of the time of day and season at the three South African stations.
Figure 4.5 shows the percentage deviation between the IRI-2007 model results and the
observed hmF2 values as a function of the time of day at the three stations. The percentage
deviation values were computed according to equation 3.4. These percentage deviation
plots illustrate that the IRI model mostly overestimates the observed hmF2 values, with
the largest deviation during sunrise. This large deviation is expected due to the unstable
nature of the ionosphere at sunrise. For all three stations, the trend in the deviation plot
is similar with the largest variability occurring in July.
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Figure 4.6: Plots showing diurnal variations of the monthly median hmF2 along with their standard
deviations (shown with error bars) and IRI model values during high solar activity period (2001) for (top
panel) winter solstice (June), (middle panel) summer solstice (February) and (bottom panel) equinox
(October). Each panel indicates a different station.
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Figure 4.7: Plots showing diurnal variations of the monthly median hmF2 along with their standard
deviations (shown with error bars) and IRI model values during low solar activity period (2006) for (top
panel) winter solstice (June), (middle panel) summer solstice (February) and (bottom panel) equinox
(October). Each panel indicates a different station.
Figures 4.6(a-i) and 4.7(a-i) show the diurnal variation of the predicted and observed hmF2
values for the months representing winter, summer and equinox during high solar activity
(2001) and low solar activity (2006) respectively, for all the stations considered.
 Winter solstice: Figure 4.6(a-c) shows the observed peak at different times between
12h00 UT, 13h00 UT and 13h00 UT at Grahamstown, Madimbo and Louisvale
respectively, while in figure 4.7(a-c) the peak is observed at 17h00 UT, 18h00 UT and
21h00 UT at Grahamstown, Madimbo and Louisvale respectively. The IRI model
predicted accurately during this period for all the stations. Both predicted and
observed hmF2 values show a depletion of approximately 80 km for all the stations.
The IRI model overpredicts the hmF2 values during the night hours (21h00-23h00
UT) at both Grahamstown and Madimbo, while in Louisvale the overprediction is
not observed during high solar activity as shown in figure 4.6(a-c). In figure 4.7(a-c)
the IRI model overpredicts the observed hmF2 values only during certain hours (e.g.
04h00, 17h00 and 23h00 UT) for Grahamstown and 18h00 UT for Madimbo, while
for Louisvale an overprediction is not observed.
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 Summer solstice: Figure 4.6(d-f) shows that both the predicted and observed hmF2
values are higher than the values in figure 4.7(d-f), which is expected since the hmF2
values are expected to be high during high solar activity (Stubbe, 1964; Rishbeth,
1964). Both predicted and observed hmF2 values show a depletion of approximately
60 km between 04h00-06h00 UT. In both figures 4.6(d-f) and 4.7(d-f), the IRI model
overpredicts the observed hmF2 values during high and low solar activity periods.
In figure 4.6(d-f), the difference between the predicted and observed hmF2 values for
08h00-14h00 UT during a high solar activity period is 20, 30 and 20 km at Graham-
stown, Madimbo and Louisvale respectively. Figure 4.7(d-f) shows this difference
to be approximately 40, 60 and 50 km at Grahamstown, Madimbo and Louisvale
respectively.
 Equinoxes: In both figures 4.6(g-i) and 4.7(g-i), predicted and observed hmF2 values
follow the same trend at all the stations. Figure 4.6(g-i) shows that the IRI model
overpredicted the observed hmF2 values at certain hours, e.g. 02h00-04h00 UT,
21h00-23h00 UT at Grahamstown, 00h00-02h00 UT, 14h00-16h00 UT and 22h00
UT at Madimbo and 02h00-04h00 UT and 23h00 UT at Louisvale, while in figure
4.7(g-i), the IRI model underpredicted the observed hmF2 values. During high and
low solar activity, the IRI model gives predicted hmF2 values which are closer to
the observed hmF2 values for equinox and winter solstice (Pandey et al., 2003; Sethi
et al., 2008 and Oyeyemi et al., 2010).
4.3 Seasonal variation
The IRI model was set up to predict hmF2 (in km) for Louisvale, Grahamstown and
Madimbo over certain periods of time. The predicted values were then compared with the
observed values in order to establish the seasonal perfomance of the IRI model over these
stations for the chosen periods. Comparisons are made for the entire year at local sunrise
(04h00 UT), midday (10h00 UT), sunset (16h00 UT) and midnight (22h00 UT) as shown
in figures 4.8(a-d) 4.9(a-d) and 4.10(a-d).
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Figure 4.8: Comparison of seasonal variation of observed hmF2 and predicted IRI values over Louisvale
station for 2005 at (a) 04h00 UT, (b) 10h00 UT, (c) 16h00 UT and (d) 22h00 UT.
Figure 4.9: Similar to fig. 4.8, for Grahamstown ionosonde station.
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Figure 4.10: Similar to fig. 4.8, for Madimbo ionosonde station.
At local sunrise (04h00 UT), the observed hmF2 show higher values during winter than
summer and reach a maximum value of 340 km at Louisvale and Grahamstown stations
and 310 km at Madimbo. The predicted hmF2 values reach a maximum of ∼ 280 km for
all the stations. The predicted IRI hmF2 values do not seem to follow the same trend as
the observed hmF2 values during this period.
During midday (10h00 UT), both the predicted and observed hmF2 show higher values
during equinoxes and summer than winter which is clearly observed at Louisvale and
Madimbo. According to Rishbeth et al. (2000) and McNamara (1991), this is what can
be expected. For this time, both predicted IRI and observed hmF2 values follow the same
trend as shown in figures 4.8(b), 4.9(b) and 4.10(b). The maximum hmF2 value of both
the IRI model and the observed hmF2 is around 310 km in January for all the stations.
At sunset (16h00 UT), both predicted and observed hmF2 values start at around 280 km
for all the stations. The hmF2 values are difficult to predict for this time because the
ionosphere is unstable.
At local midnight (22h00 UT), both predicted and observed hmF2 values are high for all
the seasons. However, at midday (10h00 UT) the observed and predicted hmF2 values are
lower than at night for the whole year. This may be because of the influence of meridional
winds, since they create a strong upward drift at night and a downward drift by day (Kohl
and King, 1967; Rishbeth and Garriott, 1969).
CHAPTER 4. THE PREDICTABILITY OF HMF2 OVER SOUTHAFRICA, USING IRI48
4.4 Solar activity variation
The hmF2 parameter depends partly on the flux of ultraviolet radiation from the Sun. The
solar activity indicator that is used in this study is the 10.7 cm solar radio flux (F10.7).
The analysis covers mean hmF2 values for high, moderate and low solar activity (HSA,
MSA and LSA) respectively during the morning (03h00-06h00 UT), daytime (07h00-11h00
UT), sunset (16h00-18h00 UT) and midnight hours (22h00-23h00 UT). The dash and solid
black line, red line and sky blue line represents HSA, MSA and LSA respectively. The
solar activity periods are grouped together, for example HSA (2000-2002), MSA (2003-
2004) and LSA (2005-2006). Firstly, monthly medians are calculated for years representing
HSA, MSA and LSA by using equation 3.1. Secondly, the mean of the monthly medians
are computed for HSA, MSA and LSA respectively, for selected time intervals represen-
ting sunrise (03h00-06h00 UT), daytime (07h00-11h00 UT), sunset (16h00-18h00 UT) and
midnight (22h00-23h00 UT).
Figure 4.11: Mean values of hmF2, determined from observed and IRI predicted values for Louisvale
for HSA, MSA and LSA during (a) local sunrise, (b), daytime (c), sunset and (d) midnight hours.
CHAPTER 4. THE PREDICTABILITY OF HMF2 OVER SOUTHAFRICA, USING IRI49
Figure 4.12: Similar to fig. 4.11, for Grahamstown ionosonde station.
Figure 4.13: Similar to fig. 4.11, for Madimbo ionosonde station.
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Figures 4.11, 4.12 and 4.13 show the variations of mean hmF2 values during HSA, MSA and
LSA for all the stations considered. Both observed and IRI predicted values are shown
in these figures. The results show that the mean values of hmF2 are generally higher
during HSA for all the months at all the locations. According to Stubbe (1964) and
Rishbeth (1993) this is caused by temperature variations, which cause hmF2 to increase
with increasing solar activity. They further mention that the increasing solar activity rises
the thermospheric temperature, thus causing thermal expansion which lifts the pressure
level at which hmF2 is situated.
Over Louisvale, the hmF2 values are higher during the night (22h00-23h00 UT) than during
the daytime (07h00-11h00 UT). According to McNamara (1991), this is to be expected
since the morphology of the ionosphere shows it to be high, thin and stable at night. During
sunrise (03h00-06h00 UT) and sunset (16h00-18h00 UT) hours, hmF2 values are difficult
to predict because at this time the ionosphere is not stable (McNamara, 1991). Generally,
the predicted IRI overestimates the observed hmF2 values for all the months. During the
midnight hours (22h00-23h00 UT), the IRI hmF2 for MSA underpredicts the ionosonde
hmF2 from March to April and from August to September for Louisvale. According to
McKinnell (2002) and Adewale et al. (2009b), the over- or underprediction is attributed
to the lack of data ingested in the development of the IRI model for the Southern African
region.
Figure 4.12 shows a similar comparison to that of figure 4.11. During sunrise (03h00-06h00
UT) and midnight (22h00-23h00 UT), in June the ionosonde hmF2 values for MSA are
higher than the IRI hmF2 values for MSA, while the ionosonde hmF2 values for HSA are
higher than the IRI hmF2 values for HSA from May to July and August to December.
Figure 4.13 shows a similar comparison to that of figure 4.11. At midnight hours (22h00-
23h00 UT) from May to August, the ionosonde hmF2 values for HSA are higher than the
IRI hmF2 values for HSA, while from April to May the ionosonde hmF2 values for LSA
are higher than the IRI hmF2 values for LSA.
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Figure 4.14: The Ratio (R) of mean monthly medians to mean solar flux (F10.7) under low, high and
medium solar activity conditions for Louisvale station.
Figure 4.15: Similar to fig. 4.14, for Grahamstown station.
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Figure 4.16: Similar to fig. 4.14, for Madimbo station.
The ratio of the monthly median hmF2 values to the mean F10.7 is a number that shows
how monthly median hmF2 values vary with changing levels in solar activity. The ratio
(R) is expressed in mathematical terms as
R =
Mm
MF10.7
(4.1)
where Mm is the mean of the monthly median hmF2, and MF10.7 is the mean of solar flux.
A similar procedure to the one explained previously in this section was followed by compu-
ting F10.7 monthly medians and the mean of those medians for selected periods representing
HSA, MSA and LSA. The ratio was computed using equation 4.1. Figures 4.14, 4.15 and
4.16 show the ratio of the mean of monthly median hmF2 values to the mean of F10.7
for periods representing HSA, MSA and LSA for Louisvale, Grahamstown and Madimbo
respectively. The highest value of this ratio is ∼ 3.5 km/SFU during the HSA period and
all results for this analysis indicate high and low hmF2 values for HSA and LSA periods
respectively.
4.5 hmF2 variability during disturbed conditions
The investigation in this section was carried out by comparing the daily observation of
hmF2 and the monthly median generated by the IRI model during magnetic storm periods
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over South Africa. The STORM model incorporated into IRI-2007 model gives no storm
time corrections for hmF2. According to Obrou et al. (2005) most of the IRI model results
are based on quiet conditions. They further mention that the IRI model was based on the
existing data that had been recorded and was used to deduce the most dominant variation
patterns of the ionospheric parameter. At the time the IRI-2007 model was designed,
there was no storm model included for the hmF2 parameter, only for the foF2 parameter.
The magnetic storm conditions chosen for this study occurred during the periods 3-7
October 2000, 20-24 December 2001 and 20-24 January 2005. According to Balan and Rao
(1990), the ionospheric electron density response is determined by positive and negative
storm phases during magnetic storms and is dependent on many conditions (e.g. latitude,
season and storm intensities). The intensity of a magnetic storm is classified by using the
Dst index as described in section 3.2.2 of this thesis.
Figure 4.17: The plots represent the daily hmF2 observations and corresponding IRI-2007 monthly
median values over Madimbo, Grahamstown and Louisvale stations for October 2000.
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Figure 4.18: Similar to fig.4.17, for December 2001.
Figure 4.19: Similar to fig.4.17, for January 2005.
Figures 4.17, 4.18 and 4.19 represent the storm effects on peak height compared to monthly
medians (better observed than IRI calculated) for the periods of 3-7 October 2000, 20-24
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December 2001 and 20-24 Janauary 2005 respectively.
 Storm of October 2000
The Dst index variation during 3-7 October is shown in the top panel of figure 4.17. The
storm occurred with a minimum Dst of -138 nT and can be classified as an intense storm.
It had a long lasting recovery phase which started on 5 October. Louisvale station shows
a decrease in hmF2 before and after 5 October, while Madimbo and Grahamstown only
showed a decrease on 5 October.
 Storm of December 2001
The Dst index variation in figure 4.18 shows a decrease on 22 December 2001 and again
after 24 December. The Dst index decreased until reaching a minimum value of -65 nT on
22 December and as a result the storm is classified as moderate. Louisvale, Madimbo and
Grahamstown stations observed a significant decrease in hmF2 values during the main
storm phase as shown in figure 4.18. The hmF2 values for the magnetic storm on 22
December show a decrease of -200 km between 22 to 23 December and after 24 December
at Grahamstown station, while at Louisvale station, the hmF2 values show a decrease of
-200 km between 23-24 December and at Madimbo station no decrease indicated. This
decrease in the observed hmF2 values during a magnetic storm is caused by a decrease in
the ionisation in the ionosphere (Buresova, 2005).
 Storm of January 2005
As can be seen in figure 4.19, the storm which occurred on 20 January 2005 was much
stronger than the storms discussed above. The Dst index shows a decrease to a minimum
value of -275 nT as explained in section 3.7. Louisvale and Grahamstown show a large
decrease in hmF2 (negative phase) with a minimum value of about 150 km, while Madimbo
station has minimum of 230 km. This difference may be because of latitudinal variation
(McNamara, 1991). At all three stations, sharp increase in hmF2 is shown at the beginning
of the storm (sudden storm commencement) followed by a sudden decline during the
main phase. According to Mikhailov (2000), such negative storm effects are caused by a
decrease in thermospheric atoms or the molecular ratio during magnetic storms. However,
the neutral composition, such as the O/N2 ratio, changes the balance between electron
production and loss rates, resulting in the hmF2 decrease (Prolss, 1995). Other authors,
such as Pavlov (1994) and Pavlov et al. (1999), agree that the negative storm effects is
due to the O++N2 reaction rate increase due to vibrationally excited nitrogen. Madimbo
is a low latitude station and shows a weaker response to the storm-induced disturbances
compared to the middle latitude, Grahamstown and Louisvale stations (Buresova, 2005).
During magnetic storm conditions, between 20-21 and 23-24 January both the predicted
and observed hmF2 values follow the same trend.
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4.6 Summary
This chapter has investigated the predictability of hmF2 by comparing the IRI-2007 pre-
dictions to the observed hmF2 variations during HSA, MSA and LSA over Louisvale,
Grahamstown and Madimbo stations. The main features observed may be summarised as
follows:
 The results show that the mean hmF2 values are generally higher during HSA.
 Diurnal variation of both predicted and observed hmF2 values shows a good agree-
ment under HSA conditions for Grahamstown. In general, the model overestimates
hmF2 for all analysed stations.
 Both predicted and observed hmF2 values have their minimum values in January
and October between 04h00-06h00 UT as opposed to July and April, when their
minimum values occur between 06h00-07h00 UT.
 Under seasonal variation, during midday both predicted and observed hmF2 values
are higher during equinox and summer than in winter. At local sunrise, observed
hmF2 show higher values during winter and summer.
 During magnetic storm periods both increase and decrease of hmF2 have been ob-
served, as also shown in the figures 4.17, 4.18 and 4.19.
 For example in the storm of January 2005, at the begining of the storm there is a
sharp increase in hmF2 followed by a sudden decline during the main phase.
 During moderate storms, the predicted and observed hmF2 values show better agree-
ment than during strong storms.
 The IRI over- or underpredicts the observed hmF2 values for some of the periods
considered, while the model predicts the observed hmF2 during quiet time conditions
more accurately .
 The over- or underprediction of ionospheric parameters such as foF2, hmF2 and
Total Electron Content (TEC) for the Southern African region has been previously
observed (Adewale et al., 2009a; Habarulema et al., 2010).
Chapter 5
Discussion and Conclusion
The aim of the project was to investigate the diurnal variability of the ionospheric F2 region
peak height hmF2 over South Africa, its seasonal, solar and magnetic activity dependence
and its predictability using the most commonly used IRI model.
The study starts with the investigation of hmF2 variability over three South African iono-
sonde stations: Madimbo (22.4◦S, 26.5◦E), Grahamstown (33.3◦S, 26.5◦E) and Louisvale
(28.5◦S, 21.2◦E). The second part of the thesis focuses on the predictability of hmF2 using
the IRI-2007 model over the three ionosonde stations.
In order to investigate the diurnal variability of hmF2, the monthly median values of
hmF2 for the three ionosonde stations were computed. This was done for 2001 and 2005
respectively with March and September representing local autumn and spring equinoxes,
while June and December represented local winter and summer solstices. For all the
stations considered, an increase in hmF2 values was observed around early morning and
midnight hours which is attributed to insufficient radiation intensity due to the reduction
of photoionization during night time (McNamara, 1991). This increase may also have
been caused by an increase of upward drifts which is produced by meridional winds in
the neutral air during morning hours (Hanson and Patterson, 1964; Kohl and King, 1967).
The hmF2 values are higher during high solar activity (2001) than during low solar activity
(2005). This may be due to the temperature variation which causes hmF2 to increase with
increasing solar activity (Stubbe, 1964 and Rishbeth, 1964).
To investigate diurnal hmF2 predictability, monthly median values of observed and pre-
dicted hmF2 were computed for the three ionosonde stations. Firstly, this was done for
2003 with March and September representing local autumn and spring equinoxes, while
June and December represented local winter and summer solstices. Secondly, monthly
median hmF2 values for June, February and October were considered, representing winter
solstice, summer solstice and equinox for high and low solar activity years (i.e 2001 and
2006) respectively. Due to seasonal variation (McNamara, 1991), minimum hmF2 values
were observed at 04h00 UT in January and October as opposed to 06h00 and 07h00 UT
in April and July for all the stations.
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For all three stations the lowest hmF2 values were observed between 04h00-06h00 UT
during low (2006) and high (2001) solar activity for winter solstice, summer solstice and
autumn equinox except at Madimbo during local winter and summer solstices. A similar
observation was made by Sethi et al. (2007) regarding moderate and low solar activity
periods (2003 and 2004-2005 respectively) over New Delhi (28.6◦N, 77.2◦E, dip 42.4◦N).
It is important to note that the Indian station and South African stations are all at low
and mid-low latitudes. Related results have been reported at low latitudes (Pandey et al.,
2003; Zhang et al., 2004; Chuo and Lee, 2008). The statistical summary of the diurnal
prediction performance during different seasons is shown in Table 5.1. This table shows
that RMSE values are lower at Grahamstown than at the other two stations (Madimbo
and Louisvale) in local winter, an indication that the IRI provides an improved prediction
during this season for Grahamstown when compared with the other two stations.
Table 5.1: The statistical summary of the prediction performance durring different seasons.
To investigate the seasonal variability and predictability of hmF2, monthly median values
were computed for the three ionosonde stations for selected time sectors (e.g. local sun-
rise, midday, sunset and midnight) over the entire year. At local sunrise, during winter
maximum values were observed for all the stations, due to the lack of radiation reaching
the lower parts of the ionosphere in the morning (McNamara, 1991). In this case, the
observed hmF2 values were higher than the predicted hmF2 values.
Midday hmF2 values were higher during equinoxes and summer than in winter. According
to McNamara (1991); Rishbeth et al. (2000), this is because during the day the intensity
of solar radiation reaching the lower parts of ionosphere is higher. The higher hmF2 values
at midnight can be ascribed to the ionosphere being high and thin at night and the sunset
hour conditions can be due to the ionosphere being unstable (McNamara, 1991).
For the investigation of hmF2 variability with varying solar activity, monthly median values
were computed for 2001 (HSA) and 2006 (LSA) at different time sectors (local sunrise,
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midday, sunset and midnight). For all the stations considered, the monthly median hmF2
values increased from solar minimum to solar maximum. High hmF2 values in 2001 (HSA)
compared to low hmF2 in 2006 (LSA) may be due to temperature variation which causes
hmF2 to increase with increasing solar activity (Stubbe, 1964 and Rishbeth, 1964). The
hmF2 values are higher in autumn than in spring for both solar activity periods as shown
in figure 3.8 (a) and 3.9 (a), while in figure 3.10 (a) both the autumn and spring seasons
have almost equal values. Generally, the IRI overpredicts and underpredicts the hmF2
values for different months at different time sectors due to the historic lack of available
data in the Southern African region.
The daily observations of hmF2 were compared with monthly median hmF2 generated by
the IRI model during specific magnetic storms. The storm periods chosen were October
2000, December 2001 and January 2005 with minimum Dst indexes of -138 nT, -65 nT and -
275 nT respectively. For all the stations considered a decrease in hmF2 was observed during
the magnetic storms which may be due to a decrease in the ionization in the ionosphere
(Buresova, 2005). The most intense magnetic storm (Dst < -275 nT) considered caused
large effects which penetrated deeper into the ionospheric F2 layer than moderate storm
effects (-100 nT < Dst - 50 nT). The magnitude of the effects of the magnetic storms on
hmF2 depended on the strength of the respective storm.
5.1 Future Work
The investigation of the variability and predictability of hmF2 was restricted to three
locations within South Africa. It has been found that, while the IRI model generated
the correct variational pattern of the hmF2 parameter, the predictions were not close to
the actual values for some time sectors and seasons. This study should be expanded by
building a local model that will predict hmF2 for the South African region, as the IRI model
does not predict very well for this region. The IRI’s underprediction and overprediction
of ionospheric parameters over South Africa was previously observed for foF2 and TEC
values (McKinnell, 2003; Habarulema et al., 2007; Oyeyemi et al., 2007; Adewale et al.,
2009a; Habarulema et al., 2009; Adewale et al., 2009b; McKinnell and Oyeyemi, 2009). The
development of a local hmF2 prediction model can assist in improving the IRI’s prediction
capability over the Southern African region.
In conclusion, it is recommended that more work should be undertaken to find the best
model to predict the behaviour of hmF2 correctly so that it compares well with the mea-
sured values. Since IRI is the most commonly used global ionospheric model, it is hoped
that developing an hmF2 prediction model will assist the IRI community in improving its
performance over the southern African region. Also, the knowledge of hmF2 variability
will be important in the prediction of high frequency radio propagation as well as radio
communication, and will complement other services provided by the Space Weather and
ionospheric communities.
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